Bacillus thuringiensis, the most successful and most widely used microbial insecticide, produces crystal proteins. The physiological significance of the crystal proteins is poorly understood except for the potent insecticidal activity. In this paper, we report a novel biological activity of the crystal protein. A 29-kDa crystal protein, p29, produced by B. thuringiensis subsp. coreanensis A1519, was toxic to Jurkat, a cell line from human leukemic T cells. Upon treatment of the Jurkat cells with p29 at a lower concentration, translocation of phosphatidylserine to the external cell surface, release of cytochrome c and Smac/DIABLO from the mitochondria, and activation of caspase-9 were induced. These cellular events were followed by activation of caspase-3, cleavage of poly (ADP-ribose) polymerase (PARP), and chromatin condensation. Peak activation of caspase-9 was prominent and preceded that of caspase-8. Depletion of Bax from the cytosol was observed as the progress of p29-induced cell death. At a higher concentration of p29, the cells showed similar and accelerated morphological change, but neither externalized phosphatidylserine nor caspase-3 activation was observed. These results suggest that p29 at the lower concentration induced cell death of Jurkat accompanied by apotosis-like cellular events, and that mitochondria played a major role in p29-induced cell death.
Bacillus thuringiensis is a gram-positive soil bacterium that produces crystalline inclusions consisting of polypeptides called -endotoxins during sporulation. Since the most outstanding physiological function ofendotoxins is their highly specific insecticidal activity against the larvae of lepidopteran, dipteran, and coleopteran insects, formulations of B. thuringiensis have been used as biological insecticides to control agricultural pests and insect vectors of various human and animal diseases. 1) Recently, a novel activity, cytotoxicity against human leukemic T cells and other human cancer cells, was reported for crystalline inclusions produced by some Bacillus thuringiensis strains.
2) The 81-kDa protein designated Cry31Aa1, which was isolated from the parasporal inclusion body produced by B. thuringiensis strain 84-HS-1-11, showed strong cytocidal activity against human leukemic T cells (MOLT-4) and human uterus cervix cancer cells (HeLa), but not against normal T cells. 3) Insecticidal -endotoxins biosynthesized as protoxins are solubilized and proteolytically activated by gut proteases in susceptible insect larvae. 4) The activated toxin binds to a receptor in the apical microvilli of epithelial cells of the midgut. [5] [6] [7] Conformational change in the toxin molecule triggers the insertion of its channel-forming domain into the membrane. 8, 9) Colloid-osmotic swelling and lysis of the cell results in the death of the larvae. 10) On the other hand, the mode of action of novel cytotoxic -endotoxins against mammalian cells remains entirely unclear.
In a previous study, we isolated a novel cytotoxic protein of 29 kDa (p29) from the crystalline inclusion produced by the B. thuringiensis subsp. coreanensis A1519 strain.
11) The polypeptide p29 was produced upon proteinase K digestion of the crystalline inclusion proteins, and was purified as a protease-resistant polypeptide. We speculated that, rather than cell death with colloid-osmotic swelling and cell lysis by channel formation, p29 induced the apoptosis-like cell death of the human leukemic T cell, In this study, based on this idea, we carried out molecular characterization of intracellular events during cell death induced by p29. We found that a lower concentration of p29 induced apoptosis-like cell death of Jurkat through the release of cytochrome c and Smac/DIABLO from the mitochondria, activation of caspase-9 followed by that of caspase-3, and fragmentation of genomic DNA.
Several microbial pathogens were shown to activate and modulate components of the cellular death machinery. 12) In this paper we report a novel mechanism of action of -endotoxin, the induction of apoptosis-like cellular events in mammalian cells, and we suggest that B. thuringiensis might be a new member of these bacterial pathogens.
Materials and Methods
Bacterial strain, human cell line, reagents, and antibodies. The Bacillus thuringiensis subsp. coreanensis A1519 strain (90-K-14-20, serotype H25) used in this study was isolated from the soil in Kyoto, Japan. Jurkat and MOLT-4 cells were derived from human acute Tcell leukemia. JB6 cells, derived from Jurkat, are deficient in caspase-8 and overexpress Bcl-2.
13) Jurkat, MOLT-4, and JB6 cells were maintained in RPMI1640 (Nissui, Japan) containing 10% fetal bovine serum (FBS) (Sigma, U.S.A.). HeLa cells were maintained in Eagle's MEM containing 20% FBS. HEK293 cells were maintained in Dulbecco's MEM containing 10% FBS. Phenylmethanesulfonyl fluoride (PMSF) and VP-16 (Etoposide) were purchased from Sigma. Etoposide was used at a concentration of 100 mM. Staurosporine was purchased from Sigma. Rabbit polyclonal anti-PARP antibody was purchased from StressGen Biotechnologies, Canada. Mouse monoclonal antibodies against Smac/DIABLO, Bcl-2, and Bax were purchased from BD Biosciences, U.S.A. Mouse monoclonal antibodies against caspase-8, caspase-9, and cytochrome c were purchased from Oncogene, U.S.A. The mouse monoclonal anti--actin antibody clone AC-15 was purchased from Sigma.
Purification of p29. Purification of crystal proteins was done as described previously.
14) The purified crystal proteins were solubilized in 100 mM Na 2 CO 3 (pH 10.5)/ 10 mM dithiothreitol (DTT) at 37 C for 1.5 h. The solubilized crystal proteins were digested by proteinase K (Roche, Switzerland) at 37 C for 1.5 h. At the end of incubation, PMSF was added to give a concentration of 1 mM. From the digested crystal proteins p29 was purified by fractionation through gel filtration chromatography using a Superdex 200 pg column (Amersham Biosciences, U.S.A.).
MTT assay. Cytotoxicity was estimated by MTT assay using the CellTiter 96 Non-Radioactive Cell Proliferation Assay kit (Promega, U.S.A.). Ninety microliters of a cell suspension (2:2 Â 10 5 cells/ml) were placed in each well of a 96-well microplate and incubated for 20 h at 37 C in a humidified CO 2 incubator. Then a 10 ml solution of crystal protein was added to each well and incubated for another 20 h at 37 C. At the end of incubation, 15 ml of dye solution was added and further incubated for 4 h at 37 C. Finally 100 ml of solubilization/stop solution was added to each well followed by incubation at 37 C. After 1 h the contents of the wells were stirred to get a uniformly colored solution, and absorbance at 570 nm was measured. The survival rate of the cells was calculated based on the following criteria: The average absorbance of mock-inoculated negative controls was taken as a high value (100% cell survival), and that of Triton-X100 (Nacalai Tesque, Japan)-inoculated positive controls was taken as a low value (0% cell survival).
Immunoblotting. Jurkat cells (1 Â 10 5 cells/ml) treated with p29 were collected by centrifugation at 120 Â g for 10 min at 2 C and washed twice with ice-cold phosphate-buffered saline (PBS) (pH 7.2). To detect caspases, Jurkat cells were resuspended in cell extract lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA (pH 8.0), 1 mM DTT, 1 mM PMSF, 1 mg/ml Leupeptin, 1 mg/ml Pepstatin, 0.5% CHAPS) at a concentration of 10 8 cells/ml. Then the cells were lysed by freezing and thawing twice, followed by incubation on ice for 15 min. The cell lysate was centrifuged at 11;000 Â g for 20 min at 2 C and the supernatant fraction was collected for the cell extract. To confirm equal loadings, protein concentrations were determined by Bio-Rad protein assay using BSA as a standard.
To detect PARP, Jurkat cells (2 Â 10 6 cells) were resuspended in 20 ml of nuclear extract lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 4 mM EDTA (pH 8.0), 1% NP-40, 0.1% SDS, 1 mM DTT, 1 mM PMSF) and incubated on ice for 30 min.
The cell extract or nuclear extract was subjected to SDS-PAGE and blotted onto a PVDF membrane, Immobilon-P (Millipore, U.S.A.), for 1 h at 100 mA. After blocking with Block Ace (Dainihon Seiyaku, Japan), the membrane was incubated for 12 h at 4 C with primary antibody in PBST (PBS with 0.1% Tween-20) containing 10% Block Ace. The membrane was washed three times with PBST and then incubated with the HRP-conjugated secondary antibody for 1 h at room temperature. The membrane was washed five times with PBST, and protein bands were visualized by enhanced chemiluminescent staining using ECL reagents (Amersham Biosciences, U.S.A.).
Estimation of caspase activity. Estimation of caspase-3 activity was performed with the CaspACEÔ Assay System, Colorimetric (Promega, U.S.A.) according to the protocol of the manufacturer. Caspase-9 activity was assessed by cleavage of the colorimetric substrate LEDH-pNA using the Caspase-9/Mch6 Colorimetric Protease Assay Kit (MBL). Caspase-8 activity was assessed by cleavage of the colorimetric substrate IETDpNA using the FLICE/Caspase-8 Colorimetric Protease Assay Kit (MBL).
FACS analysis.
To estimate apoptotic cell death by flow cytometry, the cells were stained using the Annexin V-FITC Apoptosis Detection Kit (Sigma, U.S.A.) according to the manufacturer's instructions. Briefly, toxin-treated Jurkat cells (1 Â 10 6 cells) were washed with PBS and resuspended in 1 ml binding buffer (10 mM HEPES/NaOH (pH 7.5), 140 mM NaCl, 2.5 mM CaCl 2 ) plus 5 ml of annexin V-FITC and 5 ml of propidium iodide (PI). After incubation in the dark, the cells were analyzed using a Becton Dickinson FACS Calibur flow cytometer. Data obtained were analyzed using Cell Quest software (Becton Dickinson, U.S.A.).
Results
The cytotoxicity of p29 Previously we reported that p29 is closely correlated with the cytotoxicity of the B. thuringiensis subsp. coreanensis A1519 strain against MOLT-4 cells. 11) As shown in Fig. 1A , p29 was purified by gel filtration chromatography. The cytotoxicity of the purified p29 against several cell lines was examined by MTT assay (Fig. 1B) . It was found that another human leukemic T cell line, Jurkat, was also susceptible to p29, and that p29 was moderately cytotoxic to HeLa but not toxic to HEK293. EC 50 values were estimated by Probit analysis according to the results of MTT assay. The Jurkat cell was 4 times more susceptible than MOLT-4. EC 50 for Jurkat was estimated to be 20.2 ng/ml, whereas EC 50 for MOLT-4 was 78 ng/ml. 11) Normal T cells were roughly as susceptible as MOLT-4 to purified p29. Since normal T cells were significantly less affected by crude crystal proteins than MOLT-4 cells, 11) it was suggested that an unknown factor(s) present in the crude crystal protein preparations affected the cytotoxic activity of p29 against normal T cells.
p29-Induced morphological change in Jurkat cells
The cytopathic effect of p29 toward Jurkat cells was observed under a light bright field microscope (Fig. 2) . A, The purified p29 polypeptide was analyzed by SDS-PAGE (14% polyacrylamide) followed by silver staining. B, The cytotoxicity of p29 against human leukemic T cells, Jurkat and MOLT-4, human cervical carcinoma HeLa cells, and human embryonic kidney (HEK) 293 cells was estimated by MTT assay. The assay was performed in triplicate and repeated at least five times, and representative data were plotted with SD (bars). The cytopathic effect of p29 on Jurkat cells (1 Â 10 6 cells/ml) was observed under a light microscope at a magnification of Â200. Mock indicated Jurkat cells treated with 50 ng/ml BSA.
Cellular swelling and nuclear condensation were observed for a portion of the cell population 6 h after administration of p29 to give a final concentration of 15 ng/ml. The morphological changes were observed extensively after 24 h. In the presence of 50 ng/ml of p29, similar but accelerated morphological changes were observed; that is, cellular swelling and nuclear condensation occurred 1 h after administration. To visualize the morphological change in the nucleus more clearly, Jurkat cells treated with 15 ng/ml of p29 were stained with DAPI, a fluorescent DNA-binding dye. Condensed and fragmented nuclei were observed along with the progress of cellular morphological changes (Fig. 3) . Formerly it was believed that necrotic cell death is accompanied by cell swelling while cell shrinkage is a ubiquitous characteristic of apoptotic cell death, and that nuclear condensation and fragmentation is a universal feature of apoptotic cell death. Recently, however, it has been reported that cell shrinkage is not necessarily observed in apoptosis of Jurkat cells. 15) Therefore, it is plausible that p29 induced apoptosis of Jurkat cells.
To investigate whether p29-treated Jurkat cells exhibited apoptotic characteristics, externalization of phosphatidylserine on the cell surface was examined. The cells treated with 15 ng/ml of p29 were doublestained with annexin V-FITC and PI and analyzed by flow cytometry. Figure 4 shows the FACS data obtained with the cells that were treated with p29 for various lengths of time. As the percentage of living cells (PI negative/annexin V-FITC negative) decreased, that of early apoptosis cells (PI negative/annexin V-FITC positive) increased 6 h after administration of p29, and decreased thereafter. Simultaneously, the percentage of late apoptosis and necrosis cells (PI positive/annexin V-FITC positive) gradually increased over 12 h. These results suggest that treatment with 15 ng/ml of p29 induced the progress of apoptosis-like processes in the Jurkat cells.
On the other hand, when the cells were treated with p29 at a concentration of 50 ng/ml, no early apoptotic cells with PI negative and Annexin V-FITC positive were detected. Thus, p29 might induce apoptosis of Jurkat cells at a lower concentration (15 ng/ml), and necrotic cell death at a higher concentration (50 ng/ml).
Characterization of p29-induced cellular events
Caspases, members of aspartate-specific cysteine proteases, play a pivotal role in the execution of programmed cell death. 16, 17) It is believed that caspase-8 and -9 are initiator caspases activated in apoptosis induced by death receptor and mitochondrial stress respectively. Caspase-3 is one of the effector caspases, which are activated by initiator caspases. 18) To investigate whether the caspases were functionally activated, the cleavage of PARP was examined upon treatment of Jurkat cells with p29. PARP is a 116-kDa constitutive nuclear protein involved in DNA repair and a wellcharacterized substrate for caspase-3. Activated caspase-3 cleaves PARP, generating 89-and 24-kDa inactive fragments. In the cells treated with p29 at the lower concentration, degradation of the PARP protein was observed (Fig. 5A) , suggesting that the caspases were functionally activated and targeted to their appropriate sub-cellular location. On the other hand, PARP was not degraded in the cells treated with p29 at the higher concentration. Next we examined the time course of caspase-3 activation (Fig. 5B) . Peak caspase-3 activity was observed 9 h after the Jurkat cells were treated with the lower concentration of p29, whereas no activation of caspase-3 was detected in the presence of the higher concentration of p29. Caspase-3 activity was totally inhibited when the cells were preincubated with a general inhibitor of caspases, Z-VAD-FMK (Fig. 5C) .
To investigate further the cellular events induced in Jurkat cells upon treatment with p29, we examined the Jurkat cells (1 Â 10 6 cells/ml) treated with 15 ng/ml of p29 were stained with DAPI followed by observation under a fluorescence microscope at a magnification of Â600. Nuclear condensation and fragmentation of the Jurkat cells treated with 3.75 mM Staurosporine for 4 h were taken as a positive control.
processing of caspase-8 and -9 by immunoblot analysis using antibodies specific to the individual proteases (Fig. 6A) . Although two caspase-8 isoforms of about 56 and 55 kDa were detected, the cleaved active forms of 43 and 41 kDa were not observed. Only on much longer exposure of the film were the cleaved active forms of caspase-8 detected at later times (data not shown). For caspase-9, cleaved fragments of 37 and 35 kDa were detected at 3 h and were most prominent at 6 h. In addition, we examined the time course of caspase-8 and -9 activation. Peak caspase-9 activity occurred at 6 h (Fig. 6B) , whereas caspase-8 was slightly activated, and its peak activity was observed at 9 h (Fig. 6C ). Caspase-9 activity was mostly inhibited when the cells were preincubated with a caspase-9 inhibitor, Z-LEHD-FMK (Fig. 6D) . The time course of inducing enzymatic activities of caspases corresponded well with the results of immunoblot analysis. These results suggest that the activation of caspase-9 followed by caspase-3 was initial and that major intracellular events were triggered by p29. As shown in Fig. 6E , p29 was cytotoxic to JB6, a caspase-8 deficient cell line derived from Jurkat. But JB6 cells were 4-fold more resistant to p29 than Jurkat cells, since EC 50 for JB6 was estimated to be 81.5 ng/ml (95% confidence limit, 75.3-91.6) by Probit analysis. It is, therefore, suggested that caspase-8 played a certain biochemical role in the apoptosis-like intracellular events induced by p29, or that Bcl-2 had negative effects on these events.
Involvement of the mitochondrial pathway in p29-induced cell death
The mitochondrial apoptotic pathways are associated by caspase-9-dependent activation of effector caspases downstream of the mitochondria, and caspase-9 activation was triggered by cytochrome c released from the damaged mitochondria. 19 ) Therefore, to explore whether mitochondrial integrity is disrupted in p29-treated Jurkat cells, we examined by immunoblot analysis the release of cytochrome c and Smac/DIABLO into the cytoplasm. It was found that p29 stimulated cytochrome c release 6 h postadministration (Fig. 7) . The release profile of Smac/DIABLO was similar to that of cytochrome c at 6 h (Fig. 7) , which is consistent with a previous report that Smac/DIABLO release is a general feature of apoptosis in Jurkat cells. Upon induction of apoptosis, Bax, which normally resides in the cytosol of mammalian cells in a quiescent state, is translocated from the cytosol to the mitochondria. 21, 22) and promotes the release of cytochrome c, 23, 24) inducing mitochondria-dependent cell-death signals. To elucidate the movement of Bax during the cellular events induced by p29, we examined the translocation of Bax by immunoblot analysis. When cell-death of Jurkat was induced by p29, depletion of Bax from cytosol proceeded with the time after administration of p29 (Fig. 7) . But this result does not demonstrate translocation of Bax from the cytosol to mitochondria, because the basal level of mitochondrial Bax was high. In fact, the mitochondrial lysates were not only enriched for mitochondria, but might also have contained other light membranes as endoplasmic reticulum. 25) In addition, any changes in the expression level of Bcl-2, a protein resident in the inner membrane of mitochondria, was not detectable by immunoblot analysis during p29-induced cell death (Fig. 7) . On the other hand, JB6, a caspase-8 deficient cell line derived from Jurkat 18) that highly expresses Bcl-2, was resistant to p29 to a certain extent (Fig. 6E) . Thus, in this context of the present study, it was not clear whether Bax played any important roles, via interaction with Bcl-2, in cell death induced at the lower concentration of p29.
Discussion
In this paper, we report a novel mode of action of a crystal protein from Bacillus thuringiensis. The 29-kDa polypeptide (p29) purified from the crystal proteins produced by the B. thuringiensis A1519 strain induced activation of caspases and cell death of Jurkat. Furthermore, we found that mitochondria played a major role in inducing the p29-dependent signal transduction.
B. thuringiensis produces insecticidal Cry proteins and is known as an insect pathogen. It is the paradigm for the mode of action of Cry proteins that they bind specific receptors on the epithelial cell membrane of the midgut of target insect larvae and are inserted into the membrane, resulting in colloid-osmotic swelling and lysis of the cell. 7, 10) But induction of apoptosis by Cry proteins in mosquito larvae has been reported, 26) and A, Jurkat cells (1 Â 10 6 cells/ml) were treated with p29. Equal amounts of the nuclear extract prepared from 1 Â 10 6 cells of Jurkat were analyzed by SDS-8%-PAGE. The PARP cleavage induced by p29 was detected at the indicated times by immunoblot analysis with anti-PARP antibody (StressGen, Canada). The nuclear extract of the Jurkat cells treated with 100 mM VP-16 for 6 h was also applied for a positive control. The experiments were repeated at least three times, and representative results are shown. B, Jurkat cells (1 Â 10 6 cells/ml) were treated with p29 at a concentration of 15 ng/ml for the indicated time periods. Caspase-3 activity in the cell lysate was estimated using DEVD-pNA as a substrate, and the absorbance at 405 nm with pNA color development was plotted as a function of time of incubation with p29. The assay in triplicate was repeated at least three times and representative data were plotted with SD (bars). C, Jurkat cells (1 Â 10 6 cells/ml) were preincubated with 50 mM Z-VAD-FMK for 1 h prior to treatment with 15 ng/ml p29 for 9 h. A, Jurkat cells (1 Â 10 6 cells/ml) were treated with p29 for the indicated time periods. Thirty micrograms protein of the cell lysate were analyzed by SDS-14%-PAGE and blotted onto a PVDF membrane. Processing of the procaspases was examined by immunoblotting analysis using the anti-caspase-8 antibody (Oncogene, U.S.A.) and the anti-caspase-9 antibody (Oncogene). Arrowheads indicate positions of the native and activated forms of caspases. An asterisk indicates nonspecific bands. Equal loading of each lane was confirmed by immunoblotting with anti--actin antibody. The experiments were repeated at least three times, and representative results are shown. B, Jurkat cells (1 Â 10 6 cells/ml) were treated with 15 ng/ml of p29 for the indicated time periods. The caspase-9 activity in the cell lysate was estimated using LEHD-pNA as a substrate, and the absorbance at 405 nm with pNA color development was plotted at each time of incubation with p29. The assay in triplicate was repeated at least three times and the representative data were plotted with SD (bars). C, Jurkat cells (1 Â 10 6 cells/ml) were treated with p29 at a concentration of 15 ng/ml for the indicated time periods. The caspase-8 activity in the cell lysate was estimated using IETD-pNA as a substrate, and the absorbance at 405 nm with pNA color development was plotted at each time of incubation with p29. The assay in triplicate was repeated at least three times and the representative data were plotted with SD (bars). D, Jurkat cells (1 Â 10 6 cells/ml) were preincubated with 3 mM Z-LEHD-FMK for 1 h prior to treatment with 15 ng/ml of p29 for 6 h. E, Cytotoxicity of p29 against JB6 cells was estimated by MTT assay. The assay in triplicate was repeated at least three times and representative data were plotted with SD (bars).
another Cry protein has been suggested to exert an apoptotic effect on cultured midgut cells of some lepidopteran insects. 27, 28) These reports suggest that Cry proteins are able to induce apoptotic cell death, but there is no direct evidence of apoptosis by Cry proteins. Cry proteins form ion channels in the epithelial cell membrane of the insect larval midgut, the nature of which is still controversial. 29) Several bacterial pathogens have been shown to induce the apoptosis pathway in the host cell. 12) In the case of S. aureus -toxin, two modes of action have been observed. When -toxin is administered at a lower concentration, it binds to specific as yet unidentified cell surface receptors and produces small hexameric pores that selectively facilitate the release of monovalent ions, resulting in the induction of apoptosis. 30, 31) It has been reported that a marked decrease in intracellular potassium is observed in swollen Jurkat cells that display apoptotic features, and that subsequent inhibition of the potassium loss completely blocks apoptosis. 14) When the -toxin was administered to give a higher concentration, on the other hand, transmembrane pores that are Ca 2þ permissive were formed, no DNA dergradation occurred, and programmed cell death played no important role in killing the cells.
30)
The situations described above might be the case for p29. When the higher concentration of p29 is administered, the cell death of Jurkat might be rapidly induced, probably through a mechanism other than apoptosis. In fact, in the presence of 50 ng/ml p29, it was observed that the morphological change in Jurkat cells occurred 1 h after administration (Fig. 2) , that early apoptotic cells were very few in number (Fig. 4) , and that cell death was detected within 3 h after p29 administration, as estimated by trypan blue staining (data not shown). Thus, in this situation, cell death induced through nonapoptotic processes occurs much earlier than the apoptosis-like cell death induced by a lower concentration of p29. Although caspase-9 is activated even in the presence of p29 at 50 ng/ml, non-apoptotic intracellular events responsible for cell death might occur ahead of succeeding caspase activation. This might explain why caspase-3 activation was not detected even after caspase-9 activation. One of the possible modes of action of p29 at a lower concentration might be to form ion channels leading to an efflux of potassium followed by the activation of caspases and the induction of Jurkat cell death. But it remains unclear whether p29 is inserted into the membrane and involved in the channel formation, as in the case of the hitherto known Cry proteins. Similarly, staphylococcal -toxin induces apoptosis by insertion and formation of pores in the host cell membrane. 30) Insertion of secreted neisserial porin (PorB) into the plasma membrane causes an influx of extracellular Ca 2þ and subsequent activation of Ca 2þ -dependent proteases with pro-apoptotic activity. 32) Two major apoptotic pathways have been identified in mammalian cells: the death-receptor pathway and the mitochondria pathway. The death-receptor pathway is activated through ligand binding to the cell surface receptors, such as the Fas/CD95, tumor necrosis factor-(TNF-), and TNF-related apoptosis-inducing ligand (TRAIL) receptors, which activate the initiator caspase-8. In the case of the mitochondria pathway, changes in the membrane potential of the mitochondria lead to cytochrome c translocation from the inner mitochondrial membrane to the cytosol, activating initiator caspase-9. In this study, we found that p29 induced the release of mitochondrial cytochrome c and Smac/DIABLO, depletion of Bax from the cytosol (Fig. 7) , and activation of caspase-9 followed by caspase-3 (Figs. 5B and 6B) , that the activation of caspase-8 in Jurkat was very weak upon induction by p29 (Fig. 6A and C) , and that p29-induced cell death was repressed when Bcl-2 was Jurkat cells (1 Â 10 6 cells/ml) were treated with 15 ng/ml of p29 for the indicated time periods. Forty micrograms protein of the cytosol and mitochondrial fractions were analyzed by SDS-16%-PAGE followed by immunoblotting using the anti-cytochrome c antibody (Oncogene, U.S.A.), the anti-Smac/DIABLO antibody (BD Biosciences, U.S.A.), the anti-Bax antibody (BD Biosciences), and the anti-Bcl-2 antibody (BD Biosciences). The experiments were repeated at least three times, and representative results are shown. The arrows indicate the positions of cytochrome c bands.
overexpressed (Figs. 1A and 6E ). These results suggest that the mitochondria pathway, not the death receptor pathway, was responsible for the p29-induced apoptosislike intracellular events in Jurkat. The Bcl-2 family proteins are the most important regulators in the mitochondrial pathway, and Bcl-2 interacts with Bax. 33) Although no change in the intracellular level of Bcl-2 was observed during p29-induced caspase activation (Fig. 7) , further investigation of the involvement of Bcl-2 is necessary.
We note that further investigation is needed to determine whether caspase activation induced by p29 is responsible for cell death. For example, an experiment to test whether a caspase inhibitor blocks p29-induced cell death should yield much information about the mode of action of p29. In a preliminary experiment, a caspase inhibitor, Z-VAD-FMK, successfully blocked DNA fragmentation in p29-treated Jurkat cells but had only a marginal effect on preventing p29-induced cell death. It has been reported that Bax induced caspaseindependent cell death of Jurkat, where the inhibitor Z-VAD-FMK blocked caspase activation and DNA fragmentation but not Bax-induced cell death.
34) The involvement of Bax in p29-induced cell death remains for further investigation.
In conclusion, the present results indicate that a novel crystal protein, p29, from B. thuringiensis induced caspase activation and cell death of Jurkat, and suggested major roles of mitochondria in these processes. This is the first direct evidence for apoptosis-like cellular events induced by a B. thuringiensis crystal protein.
